New physics contributions to B decays often come in through chromo-magnetic penguin operators. To look for new physics effects in B decays, it is useful to be able to estimate the hadronic matrix elements for the chromo-magnetic operator. We compute this contribution to B → φK decays using PQCD methods. It is shown that, if the Wilson coefficient of new physics is equal to that of the standard model, it gives non-negligible contribution compared to that of the standard model (about 30%). We also investigate the value of q 2 which is the momentum transfered by the gluon in the chromo-magnetic penguin operator. We find that the expectation value q 2 is about M 2 B /4, in agreement with a naive guess. This, however, is very sensitive to the scale dependence of the Wilson coefficient. We also show that the matrix element for the chromo-magnetic penguin operator is independent of the choice of energy scale to a very good approximation. * )
§1. Introduction
B → φK s decay plays an important role in a search for new physics beyond the Standard Model (SM), as this decay is a pure penguin process. In the SM the time dependent CP asymmetry is same as that of B → J/ψK s decay, which is a tree dominant process. Any difference between them is a signal for physics beyond the SM. Recently, the BaBar 1) and Belle 2) collaborations reported CP asymmetry in B → φK s decay. If the present trend continues with additional data, the results suggest a deviation from the SM prediction.
In the effective Hamiltonian approach, 3) the Hamiltonian is expressed as the convolution of local operators and the Wilson coefficients which can include contribution from new physics. The effects of new physics change the Wilson coefficients. In many cases, the Wilson coefficient for the chromo-magnetic operator is most sensitive to new physics. 4), 5), 6), 7), 8), 9) , 10) The factorization approximation (FA) is often used in computing the hadron matrix elements. However it is difficult to calculate this contribution in the FA, because the magnitude of q 2 of the virtual gluon in the chromo-magnetic penguin operator is unknown. In the FA, q 2 is often assumed to be M 2 B /4 or M 2 B /2. Then the result is sensitive to the assumed value of q 2 . 11) In this paper, we calculate the chromo-magnetic penguin using Perturbative QCD (PQCD) approach within the SM. We can predict not only the factorizable contributions but also nonfactorizable contributions and annihilation contributions which cannot be calculated in the FA. Furthermore, we can calculate strong phases so that it is possible to predict CP asymmetries. PQCD has been applied to some exclusive decay modes, i.e. Kπ, 12) ππ, 13) KK, 14) Kη ′ , 15) D s K, 16) ρ(ω)π, 17) φK, 18), 19) K * π, 20) φK * , 21) and the results are consistent with experimental data. They were calculated with leading order of α s in the PQCD approach.
So the chromo-magnetic penguin was not included in the computing the branching ratio for the B → φK decay. Obviously there are many other higher order diagrams which must be considered simultaneously if we were to add the magnetic penguin term to the SM computation. To estimate the new physics contribution, the magnetic penguin contribution can be singled out as it is most sensitive to new physics. In this study, we also analyze the FA computation of the color magnetic moment using PQCD as a guide.
The outline of this paper is as follows. First, we show the effective Hamiltonian and the chromo-magnetic penguin operator. We derive magnetic penguin contributions for hadronic two body decays. Next, we calculate the chromo-magnetic penguin contributions in B → φK decays using PQCD approach and we show the numerical result. We also show the distribution of q 2 . Finally, we summarize this study. §2. Chromo-magnetic Penguin Operator
In the effective Hamiltonian approach, the Hamiltonian is expressed as the convolution of local operators and the Wilson coefficients. The effective Hamiltonian for ∆S = 1 transitions is given by,
where V * q ′ s and V q ′ b are the Cabibbo-Kobayashi-Maskawa matrix elements. 22), 23) O 1−10 are local four-fermi operators. and O 7γ is the photo-magnetic penguin operator and O 8G is the chromo-magnetic penguin operator. The local operators are given by
where i and j are color indices, and q is taken to be u, d, s and c. We use the leading logarithmic results of the Wilson coefficients in our calculations. 3) We consider the chromomagnetic penguin contribution for hadronic two body decays. The non-local operator O ′ 8G generated by O 8G is written as,
3)
where q is the momentum transfered by the gluon which goes out from σ µν vertex. The second line in Eq. (2 . 3) is induced by a self interaction of gluons in G a µν and the third and forth lines contain a 3-point vertex of gluons. k 1 and k 2 are momenta which go out from 3-point vertex of gluons. These terms are needed for keeping a gauge invariance. First term is of the first order of α s and the others are of order of α 2 s . In the PQCD approach, all of the terms contribute in the same order of α s as we shall see later in the next section. §3. Magnetic penguin amplitudes in PQCD approach
In this section, we calculate the chromo-magnetic penguin amplitudes in B → φK decays using PQCD approach. The chromo-magnetic penguin operator for hadronic two-body decays is written as Eq. (2 . 3) and there must be at least one hard gluon emitted by the spectator quark in PQCD. Therefore the diagrams with the chromo-magnetic penguin operator are drawn in The chromo-magnetic penguin contributions are of the next-to-leading order of α s within the PQCD formalism. However, if we include the Wilson coefficient, they have the same order of α s as penguin contributions. If we consider the full diagrams of the penguin and the chromo-magnetic penguin, we see that they are of same order in α s Therefore, we cannot say that the magnetic penguin contributions are smaller than the penguin contributions. In order to get the meaningful result of branching ratios, we must calculate other higher order diagrams which are the charm penguin and vertex corrections and so on. In this study, we consider only the chromo-magnetic penguin as this operator is most sensitive to new physics.
The decay width in B → φK decays is written as,
where A is the sum of the leading amplitude and the magnetic penguin amplitude. The decay amplitudes from the magnetic penguin are given as,
where indices denote the labels in Fig. 1 . Charged modes and neutral modes in B → φK have the same contributions of the chromo-magnetic penguin. The amplitudes M are expressed as the convolution of meson wave functions, a hard part and the Wilson coefficients. 24) The meson wave functions are non-perturbative and the hard part which includes the exchange of a hard gluon is perturbative. We introduce small transverse momenta for quarks and anti-quarks in mesons, large double logarithms are then generated by corrections in the meson wave functions. The resummation of them leads to the Sudakov factor. 25) The
Sudakov factor guarantees a perturbative calculation of the hard part. 26) The other double logarithms appears from the end-point region of the parton momenta. The resummation of this logarithms leads to the threshold factor in the hard part. 27) We consider the B meson to be at rest. In the light-cone coordinate, the B meson momentum P 1 , the K meson momentum P 2 and the φ meson momentum P 3 are taken to be
where r φ = M φ /M B , and the K meson mass is neglected. The momentum of the spectator quark in the B meson is written as k 1 . The light quark in the B meson has a minus component k − 1 given as k − 1 = x 1 P − 1 , where x 1 is a momentum fraction. The quarks in the K meson have plus components x 2 P + 2 and (1−x 2 )P + 2 , and the small transverse components k 2T and −k 2T , respectively. The quarks in the φ meson have the minus components x 3 P − 3 and (1 − x 3 )P − 3 , and the small transverse components k 3T and −k 3T , respectively. The φ meson longitudinal polarization vector ǫ φ and two transverse polarization vector ǫ φT are given by ǫ φ = (1/ √ 2r φ )(−r 2 φ , 1, 0 T ) and ǫ φT = (0, 0, 1 T ).
For example, the amplitude for Fig. 1(a) is written as,
where r K ≡ m 0K /M B . m 0K is the chiral factor defined as m 0K ≡ M 2 K /(m d +m s ). The meson distribution amplitudes, φ B , φ A K and so on, are given in the appendix. N t {x 2 (1 − x 2 )} c is the threshold factor where N t = 1.775 and c = 0.3. 28) The evolution factors
the Sudakov factors given in appendix. The hard functions are given by,
dθ tan θJ 0 (Ab 1 tan θ) J 0 (Ab 2 tan θ) J 0 (Ab 3 tan θ) , (3 . 5) where A, B and C is given on Tab. C. A 2 , B 2 and C 2 are the square of the virtual quark and virtual gluons momenta. We assume that the hard scale t is defined as,
In above definition of t, we choose the same definition for t as we employed for computation of the leading diagrams. There is little dependence of t in the chromo-magnetic penguin amplitude as we shall see in the next section. The expressions for other diagrams are summarized in appendix. §4. Numerical Result
The parameters which we used in this calculation are as follows: We study the hard scale dependence of chromo-magnetic amplitudes. We define the hard scale as t = κ · max( |A 2 |,
where κ is a parameter, and vary κ between 1 and 1.5. . There is little dependence of t in the chromo-magnetic penguin. This is consistent with the fact that the Wilson coefficient for O 8G is most sensitive to new physics and its contribution, by itself, is physical. . The lower line is the real part and the upper line is the imaginary part. There is little dependence of t in the chromo-magnetic penguin. The q 2 of the virtual gluon in O ′ 8G is written in terms of x 1 , x 2 and x 3 which are momentum fractions of partons. For example the diagram (a), q 2 = (1 − x 2 )x 3 M 2 B . In Fig. 3 , we show the distribution of q 2 for M M P a . The shape of this graph is not simple. The expectation value of q 2 is calculated as, q 2 = 6.3 GeV 2 .
(4 . 1) This is about M 2 B /4. Next, we analyze the FA using the value of q 2 in Eq. (4 . 1). In the FA, the effective Hamiltonian for the chromo-magnetic penguin is given as, 11) 
We use q 2 to be 6. In this paper, we calculated the chromo-magnetic penguin amplitudes for B → φK decays in PQCD approach. We found that the chromo-magnetic penguin contribution is about 30% of the leading contribution. Therefore, the chromo-magnetic penguin is not negligible in hadronic two body decays. However, for the Standard Model there are many other higher order diagrams which must be considered simultaneously if we were to add the magnetic penguin term. If we were to consider contribution for new physics, this diagram can be considered separately. It is noted that there is little energy scale dependence. In addition, we calculated the expectation value of q 2 of the gluon in the chromo-magnetic penguin, and the result is about M 2 B /4.
Appendix A The Sudakov Factor
The Sudakov factor is written as, 26) 
The exponent s is given by,
where the anomalous dimensions A to two loops and B to one loop are
with C F = 4/3 being a color factor, f being a number of active flavors, γ E being the Euler constant and β 0 = (33 − 2f )/3. The anomalous dimension of mesons is written as,
Appendix B
Wave functions
The B meson wave function is defined as,
where the indices α and β are spin indices, i and j are color indices. N c is the color factor. The distribution amplitude φ B is normalize as,
where b 1 is the conjugate space of k 1 , and f B is the decay constant of the B meson. In this study, we used the model functions given as,
where N B is the normalization constant and ω B is the shape parameter. We took ω B = 0.4 GeV which is determined by the calculation of form factors. 28) The K meson wave function is written as, Φ (out) K,αβ,ij ≡ K(P )|s βj (0)d αi (z)|0
where m 0K = M 2 K /(m d + m s ), n µ ≡ z µ /z − and v µ ≡ P µ /P + . The φ A K (x) is a leading-twist contribution and the φ P K and φ T K are twist-3. These distribution amplitudes were calculated in the light-cone QCD sum rule. 30) 
where ρ K = (m d + m s )/M K and C ν n (x) is the Gegenbauer polynomial. The parameters are given as a 1 = 0.17, a 2 = 0.20, η 3 = 0.015 and ω 3 = −3.0.
The φ meson wave function of longitudinal parts are written as,
The φ φ is a leading-twist distribution amplitude and the other terms are twist-3 amplitudes.
They were also calculated using the light-cone QCD sum rule. 31) 
